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THERMODYNAMICS OF THE URANIUM-OXYGEN SYSTI4

The vapor above uranium oxide condensed phases includes U, 110, "021

and U03* The composition of the vapor is strongly dependent upon theL0 ratio. In the three phase system U(L)/U02(s) and vapor (O/U < 1.7) the

principal vapor phlast species is UO with smaller amounts of U and to2

vapors. For UO2 a congruent evaporation seems to predominate giving

mostly U02 with about equimolar but much smaller quantities of 11 and U03 .

For hyperstoichiometric urania (0/U > 2) U03 and UD2 are the principal

vapor phase species.

Uranium (s)

The vapor pressure of uranium has been studied over a wide temp-

erature range most recently by Ackermann and Rauh (2) and Pattoret,

Drowart and Smoes (2). Ackermann and Rauh have shown that the activity

of the condensed phase varies from 1.0 downw7'.d as the electron-.!gativity

of the dissolved component increases. They give an expression for the

vapor pressure of uranium

log P (atm) = (5.71 ± 0.17) - (25,230 ± 370)/T.

This yields a -= 126.3 ± 1.0 kcal/mole. Pattoret et al (4) give
s 298

'log P (arm) = (5.920 ± 0.135) - (26,210 ± 270)/T and

" 298 = 129.0 ± 2.0 kcal/mole.

These authors also summarize all the previous work on these systems

by their laboratories and others. It is perhaps most significant that

the vapor pressures that one will observe in these systems are a strong

function of the container material or the dissolved components.
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The partial pressures of the species are determined by mass spectro-

scopic measurements, while the total pressures hatre been measured by

both effusion and transpiration techniques. The total mass spectroscopic

instrument sensitivity to a particular gas phase species has to be known

in order to compute the partial pressues

Pi = I +(i)T/iVi - I+T,/k;i

where C and vi are the cross-section for ionizatiori by electrons V

given energy and the detector sensitivity to the species of interest.

Various assumptions have been made concerning these k quantities.

Ackermann et al (3) in their work on the U(I)/UC2 (s) system used equal

sensitivities for U(v), UO(v) and UO2(v). A recent work by Blackburn

and Danielson (4) has advocated values of 0.66, 1.2S, and 0.31 for the

product of multipli;r yield and partial relative ionization cross-section

for U, UO and 1O2 using a 10 eV ionizing electron beam. (For t is energy

beam these partial relative ionization cross-sections are equal to the

total relative ionization cross-sections).

The pressure of uranium species above of U(L),)02(s) is given by

log P = (7.25 ± 0.15) - (27.020 ±v 25)/'T (for 1580-2400*K)

by Ackermann et al (1). Pattoret et a! (3) report a pressure of UO

given by log P = 8.19 - 28,020/T in the temperature interval of 1700 - 2150*K.

There is considerable evidence that the system UO2(s)/U(i) is far

from ideal. Therefore the activities of the condensed phases cannot be

assumed to be unity, for the process

+ 1U2(s) = 2U0 (g).
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Consequently the measurement of thermal functions for this system has

to be done using gas phase equilibria where activity coefficients can

be assumed to be unity. Ackermann et al (3) measured the gas phase

equilibria

U(g) + U 02(g) = 2UO(g)

and from the known free energy functions of U02 (g) (this will be 4is.ussed

later) and U W and the measured equilibrium constant as a function of

temperature.

S o/p U 02

where, log K = (1.268 ± 0.05) + (2091 ± 117)/T

They computed X (UO, g)

Wt (0Og) = 1/2 nc; (UO2,g) + 1/2 t0o (u,) 1 1/2 R'T log K

= -7,800 - 13.84T.

It should be, of course, noted that this measurement of K required a

knowledge of the ki's. Ackermann et al (3) assumed that ki of the various

species were equal to each other. Incorporation of Blackburn and

Danielson's data (4) for partial relative ionization cross-sections would

change the measured equilibrium constant by almost a factor of 118. This

would have the effect of decreasing the LSf of UO(g) fr 3 e.u. to

about 11.78 e.u. without affecting the :W tent. Other potential sources

of error are the 1 UC2(g) and 
"Z; U(g). As will be seen later in this

report an uncertainty in the entropy of formation, .S 1O2 is not

U2(g)

unlikely. This error would contribute an uncertainty of 1.5 e.u. to

the /1Sf UO(g).
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The D; computed from the fl of U0 determined by Ackeran et al

(3)i a

M a, 5 (u,g) + 1/2 D0 2 - ,3R(U)

- 115.43 + 59.0 t 7.8 - 182.2 ± 3 kcal/mole.k3
(It should of course be noted that a correction for A and MRfUO to 0 K

has not been made, however these corrections shoild go in the same

direc.ion and teal to cancel each other). Pattcxet et al (5) determined

a D f,-r UO(g) from the isomolecular exchange reaction

Uc(g + Si(g) = Utg) + SiC(g) A tn % (U,c) - M + Dt SiO -

0 0

--8.6 + 190.4 = 181.8 ± 2.2 kcal!mole A

which is in excellent agreement. Unfortunate.y no relative ionization

cross-sections were quoted in this work. Although in a later work (2)

the authors give ki's of 1.15, 0.80, and 0.55 for U, U0 and U02

respectively. These numbers would give an cvirail correction of 0.99

to the equilibrium constants given by Ackermann et at (3).

A computation of Afs of U0 from spectroscopic data requires a

knowledge of the electronic levels of UO. No spectroscopic assignment

for the electronic energy levels of U0 is 3vailable in the literature-

The infrared spectrum of matrix isolate6 UO has been observed by several

workers. Using this vibrational frequency and the estimated bond distance

of about 1.75i one can compute theS2 for UO without electronic con-

tribution of 73.4 e.u. From this value and those of liqAid uranium and

molecular oxygen an entropy of formation of 110 (defined by the equation

U(L) + 1/20, = U0(g) (2000K)) of 8.9 e.u. mole -1 is computed. This value

Is considerably less than the 13.84 e.u. quoted by Ackermann (or for that
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matter the 11.78 obtained by using Blackburn and Danielson's k 1 s).

Unfortunately there exists no easy way to remedy this situation without

the necessary spectroscopic data. The .8S' of 13.84 can be rationalized

to the observed data of 8.1 e.u. if one has a ground state with a

degeneracy of about 13. (The aSj - 11.78 g'ves a ground state degeneracy

of about 5).

The parcial pressures of the U, UO, UO2 species above the three

phase system U(-)/O2-x(s) have been given by Ackermann et al (3) as

log P. 1 (5.21 ± 0.14) - (25,640 + 300)/T

log P = (7.11 ± 0.14) - (26,880 ± 300)1T

log P2 = (7.74 + 0.14) - (30180 ± 3G0)/T.

These equations were derived from their measurements in the temperature

range of 1820 - 2490 K assuming equal aiv i foz the three species.

Pattoret et al (5) have also observed that the I+ /I+ /1+ is00 U L0
abot 10/1/1 for this system. ?2ressure ratios of about 10/1/1 are

obtained from Ackermann et al whereas ratios of about 12.5/0.87/1.82

and about 7.75/1.52/3.23 are obtained using the aiv i given by Pattoret

et al (5) and Blackburn and Danielson (4) respectively. The partial

pressures computed using the three sets of aiVi are given in the

following table. (The data for P of Ackermann (3) at 2000 K aree

used in order to facilitate a direct comparison.)
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iP u(at=) P o(at&)  roz°) P /P /11o(4 fro ii EO 2o 4.6g U UWW
ARC(3) 2.45 x 10 4.68 x 10 4.47 x 10 1/18.9/1.82

P96(5) 2.13 x 10 - 8  5.79 x 10 - 7  8.13 x 10 "s 1/27.2/3.82

BD (4) 3.72 x 10 - 8  3.59 x 10- 7  1." x 10 - 7  1/9.65/3.87

It should be noted that the partial pressure ratios are significantly

different from the three spts of Or'yj used.

The measurements of Pattoret et al (5) give a pressure of Wn about

2.4 times greater than those of Ackermann et al (3). The ai yi useo

by the three workers are given below together with the K computed.

reIrtive CY i  U _O -2 Ke

(5) 1.15 0.80 0.55 0.988

ARC (3) 1 1 1 1

D (4) 0.66 1.29 0.31 0.123

for U(g) 2 O2(g) m 2OO(g)

I uo

K (T) + II(~~Iu ~

At 2000K the pressures given by Ackermann et al (3) and Pattoret et al (5)

are

ARC(3)PUo 4.68 x 10
-7

PUO 4.47 x 10 P = 5.495 x 10 -

PU = 2.45 x 10- 8

nS)?O = 1.12 x 10- 6
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Stoichionetric I0 2

The vapor pressure above stoichiometric UO2 has been measured by

several workers (6-10) using both mass transpiraton and effusion

techniques. The congruently evaporating compositions of urania have

also been systematically measured as a function of temperature by

analysis of the residues after appreciable Knudsen effusion loss. These

residu s become increasingly h)postoichiometric with temperature varying

from IC 2 .000 to U01.940 in the 1940 - 2386 K temperature interval (9).

It has also been suggested that a significant partial pressure of UO

and U03 is present even at lower temperatures, UO3 becoming predominant

to the U0 as the temperacure increases (9).

The results of some of the mere recent experiments are given

below. The vapor pressure of the uranium bearing species is represented

by the equation

X - -~RT In P(U) AH - TS

or log r.(atm) = al+ 4~S
RT R*

tM __ method temp. range ref. P2200K

137.1 36.4 mass effusion 1600-2200 AGT(6) 2.17 x 10-6

147.1 42.2 " " 1920-2220 Ivanov(l0) 4.08

147.8 42.0 " " 2200-2800 Ohse(8) 3.14

141.2 39.4 mass spect. 1890-2420 PDS '67(5) 3.84

143.1 39.4 transpiration 2085-2705 TH (7) 2.49

134.1 34.5 " " 2000-2940 Alexander 1.66
(1n)

9



By observing the equilibri'm ion currents for the reaction

U)2(g) + Si(g) 4 1)0(g) + SiO(g) M = 18.6 cal/mole

and from a knoledge of D* tO(g) and SiO(g). Pattoret et al (5) computed

a If of 0 of 353.6 ± 3.2 kcal/mole,
0 2

D* T'X- - 6H + 19 SiO +1 Do3U
0 0 o

- 18.6 + 190.4 + 181.8 = 353.6.
fr

This value is in good agreement wit] 353.2 (14.9eV) given by Ackermann

Cilles and Thorn (6). Thse workers used the 1)2(g) equilibria coupled

with the data for U02(z:) given by Kelley (Bur. Hines Bull. 476, 1909)

and estimated thermodynamic data for the vapor. Pattoret et al (5)

obtained a value of 352.5 kcal/mole from the O2(8) = UO2(8) using

t0f; 298 1)02(6) 7-259.5 kcal/male

2981 2 2 102 125 kcal/mole

then

= AH* 152.5Dt2() = f(=0.

0 29) 2,8 + f 2 1s u(S) 0

= (259.5 - 152.5) + 129.0 + 117 = 353 kcalfmole

2(g) = U(g) + 20(g) Do 0O2

0 2

Therefore since both gas phase equilibria coupled with assumed

previously determined dissociation energies agree well with 2J- for UO2(s)

= U2(g) coupled with HsU and D0 2 for the determination of D*(UO

one can have a degree of confidence of the thermal functions for UO2

determined by the congruent vaporization of scoichiometric urania.

10
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It has been noted by Tetenbaum and Hfunt (7) that tre pressures

derived from effusion measurements on stoichlometric urania by Ackermann

et al (6) and Oh;e (8) are higher at temperatures above 1 350C than those

oLtainable esing che transpiration rethods, The origival proposal by

Ackermann et al of a U32 dimer is not consistent with the pressure

measurements of Tetenbatm and Hunt. Mass spectroscopic measurements

have not been successf, in finding a UO2 diwer. Rather the positive

curvature in the vapor pressure with tempa-rature above 2350 C is probably

caused by a departure from molecular flow in the Knudsen ceAl. Edwar-s

et al (9) have suggested increased pressures of UO3 in order t- reach

the proper 1O2-x for the higher temperatures. This explanati~n has also

line over tle range of 2080-2705 K for various U02 _ specimens.

energy of foration, X* UO2rg) can in principle he derived

from the vapor pressure measurements above stoichiometric U02 assuming

the principal re.ction is

UO(S' -4 UG2(g) £sUO2 (s) = -R'T log P.

This quantity coupled with .Cl U02 (s) thn yields nG! U02(g) =

x f Uo2 (e) + nG s UO2(s).

If one inspects table 3 which gives the -A(;' 1O2 (s) sM - TIs

one finds the AS terims v.... from 42.4 to 34.5 cal/mole K. with ;n

iverage deviation of Tout 2.4 cal/mole K. The uncertainty in the

entropy of tbis proce:is will be reflected in the computation of ASo
f

U02(g). ',ing Ackier ,on et al (6) vapor pressure data one obtains

Z*=5 .-4.24 e.u, the data of Pattoret et al (5) gives 2S -i.2t

f-
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* as does the d'ta of Tetenbaum and Hunt (7). Perhaps this latter value

[ is expected to be more reliable since the method of mass transpiration

over a long temperature range is in agreement with mass spectroscopic

observations over a smaller and to an extent overlapping temperature

range.

Using the vibrational assignment for 1102 given by Gabelnik ct at

(12) and Abramowitz et al (13) namely v I = 765.9, V3 = 776.1 and

ra
2 = 81 cm for a linear U02 molecule with a r U-O = 1.75 A a S;O00K92.3 cal mole -l -i ts cc.,apted. Small variations of r will not

significantly effect the computed functions. Coupling this with S;000

U(1) = 72.53 ani S;000 02 = 64.18 one obtains a 2S f U 2(g) = -4.41 cal

mole 'K in e}xcellent agreement with S; -4.24 given by Ackermann

et P& (6) and in g.ood agreement with _ = -1.24 given by Tetenbaum and

Hunt (7) and Pattoret et al (5). It should of course be noted that

toe rhe purposes of tLia computation of S;O00K of 102 a singlet ground

state was assumed and any contribution to the entropy from low lying

elect-jnic states Lihs been neg-lected. (There have no: been any

electronic spectra of uo(g) or matrix tqolated UO2 obseived and

ana'yzed).

The :_rization potential of U, U0 and U02 have been measured using

the RPD (retarding potential difference) method by Mann (14). He has

given values of 6.1, 5.7, and 5.5 eV for the ionization potentials of

U, In, uo2 respectively. These values which are probably good to about

0.1 eV have been accepted by other workers in the fiele. These ionization

potentials coupled with the N1f UO and iIf U02 then can be used to

12



estimate exothermicities of reactions such as:

Reaction eV

U(s) + uo2(g) -5.27

u(s) + 2 -* uo(g) -0.34

U(s) -0 U(g) +5.00

U(g) + 02 U( -1.27
i +

U(g) + 02 U + e -4.77

u(g) + j 2 -- uo(g) -5.34

U(g) + O-'JO(g) -7.90

U(g) + 0-UO+(g) + e -2.20

U(g) + 2  UO +0. 3,

U(g) + 03 -UO 2 + 0 .71

U(g) + 03- U02  + 0 + e 1.21

U(g) + 0 - UO + 02 -434
3 2

SU(g) - 0 3 - UO+ + 0 2 +1-3,:

;U (g) + N 2o- 0 o NID -4 .4 .

U g) + +1.21

The thermodynamic functions for VO and UO2 (g) are given in Tables

1 and 2. These computations are done assuming singlet ground states

for both species and no allowance is made for any possible contribution

to these functions from any excited electronic states. This was done

in this manner since there are no experimental determinations for the

electronically excited levels of UO and UO2.

13
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TABLE 1. ThERMODYNAMIC FUNCTIONS FOR UO(g)
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TABLE 2. THERMODYNAMC FUNCTJONS FOR U0 2 (g)
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SECTION 2

THEEMODYNAMICS OF THE THORIUM-OXYO 3M SYSTU4

The thorium-oxygen system has been studied by mass spectroscopic

technilues by several workers (1-5). A smmnary and review of scme of

the older works not referenced in this report are also available (6).

The method used in studying these systems is to measure the vapor

pressure of the thorium species effusing fro a Knudsen cell by weigbt

gain of a circular disc target. The pressures are measured over Th0 2 (s)

nad the 3 phase system Th(t)/Tho2 (s)/vapor, or in the lower temperature

regimes Th(s)/ThO 2 (s)/vapor. partial pressures of the species are

determined mass spectrometricaily. This requires assumptions of cross

sections and detector sensitivities for the various species.

In the case of vaporization from Tho2 (s) two processes are important

(1) ThO2 (s) - ThO 2 (g)

(2) ThO2 (s) - ThO(g) + 0(g).

The assumptions are mae that the mass spectrometcic peak intensities 
of

the ThO+(g) and Tho2+(g) ions can be related to pressures and vaporization

of reaction (2) is congruent. Thermodynamic functions of ThO(g) and

ThO2 (g) can be obtained from a knowledge of tXf(T) of Th0 2 (s). (This

assumes that a Tho2(s ) = I).

For a study of either the three phase system Tho 2 (s)fTh(2') or the

ThO 2 (s)/Th(s) for which the principal vaporization 
can be represented by

TrhO2 (s ) + !#h(s) -. ThO(g)

rh2(s ) + 12haT) - ThO(g)

one must know the activity of ThO (s) and Th(s,f). It has been shown
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that prolonged vaporization of ThO from this system at temperature

below 2400K does not apprectably alter the stotchiometry af the ThO2 (s 2Iphase (7). This then allows one to assumle unit activity for both Th

1(,) and ThO2 (s). Therefore combining the pressures of ThO obtained

and the thermal properties of ThO2(s) and Th(s,t), allows a determination

of X; of Tho(g). Ackermann and Rauh (3) give t;ThO(g) = -16,500-12.15T

kcal mol- 1 [2400-2800 K1. Hildenbrand and Murad (5) give an expressic n

for logl0 PThO = (8.386 ± 0.164) -(30,480 ± 306)/T which is in experimental

agreement with the pressures given by Ackermaun and Rauh. These values

are also in excellent agreement with the pressure of ThO(g) given in

reference I for 2369K. (The pressure over ThO2 (g)/Th(L) t. s only given

at this temperature for this system by these workers.)

This indicates a Z Sf of Th0(g) of 12.15 entropy units. This value

is in agreement with the entropy computed for ThO(g) using the known

spectroscopic states and the measured entropy for Th(L).

Estimates of tte electronic contributions to S;O00K of ThO have been

made in the past by equating this entropy with that of S;000 K of Th(III).

This method gives an absolute entropy of 80.3 cal/mole "K compared with

an$2000K of 73.9 cal/mole K using molecular constants of the known

electronic states of ThO(g). The latav value in good agreement with .i

second law treatment of the vaporization data for the ThO 2 (s)/Th(s,L)

system.
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F The dtssociation energy of Ti0 may be obtained via several cycles.

Ackermann and Rauh (3) considered Lhe isomolecular exchangeI70(g) + Th(g) - ThO(g) + Y(g)

and from the known thermodynamic [nctians of YO'g), Th(g) and Y(g) were

able to obtain D' of Tho. They also obtained D* ThO(g) and 6H of ThO

0 0 0

obtained from the study of the reactionr j/h(st) + jThO2 (s) -. ThOG,), 4s Th(s) and '0. of 02 'ia the cycle

Th(s) + 24 Tho 0

["ThCo -' Th(g) + r: g) o

The AM* for £ O(g) cbtained by the second and third law methods
0

are in rather good agreement. The thermal funct4 ons fur ThO(g) were

generated using the known spectroscopic dat. for Tho. The values for

Th(s,L) were Laken from Rand's evaluation (8) as given by Ackermann

and Rauh (3).

Hildbenbrand and Murad (5) also obtain!d D* of Tho via an isomolecular

exchange reaction

ThO(g) + Si(g) -0 Th(g) + SiO(6)

and a ttudy of the Th(s) + ThO2(s) system. The Dp recomrend by these two2 0
groups are within experimental error. A value of 8.78 ± 0.13 eV is given

in (4) while 9.0 ± 0.1 eV is recommended 11, (3). Even this small

difference represents to some extent the differ'-nt -',ice of thermal

f'inctions ior ThO2 (s) by these two different laboratories.
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FroL a knowledse rf X of floc2 (s) on!! can obtain 6H4 (Tho 2 ,g)

sine

1ogo10 PT 2, ) " -35,070/? + 7.96

over 7%0)2(s ) and nj TIC2 (s) = -292,600 + 43.66 T

ZG; T102(g) = -132,100 + 7.23 T.

From a knowledge of 10for this process coupled with frequancies of

ThO2(g) determined by several workers (assuming a value of v2) , and the

7W 2 angle and bond distances one can compute S* for ThO2 which can be

compared with values obtained experimentally for the ThO2 (s) Th02 (g)

process.

Using the entropy for Th(,s) derived from the calorimetAc data

%(2) by Rand (8) and the entropy of molecular oxygen (13), one computes

tW- entropy for ThO2 (g) of S;600 = 92.8 e.u., (since XtGf(ThO 2 ,g) =

-132,100 + 7.23 T for the temperature interval of 2400-2800 K). A

Icomputation of the entropy of Tho using either of tLe recently observed
2

. vibrational spectra for the stretching modes of ThO2 coupled with the

molecuiar geometry determined by isotopic shifts for Th 60. and Th 180 (14, 15)~2
-1 -l

yield values of 97.5 eu. for v2 = 81 -m and 96.7 e.u. for v, - 125 cm

The former value was chosen from a determination of 81 cm "1 for thet bend-

ing mode of UO 2 . Lirevsky estimated 125 cm "I for v 2 from a weak

combination band observed in the infrared spectrum. Repeated efforts

by the author have not yielded an experimental deter'ination of V even

-1
though the spectrun could be observed down to about: 60 cm . In any event

this difference (4 to 5 eu) between the calculated entropy and the

thermodynamically derived entropy is not easily explainable.
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To reduce the calculated entropy by 4 would require a change of

the bending frequency to a very high value, hence the derived entropy

probably is too low by at least 2 entropy units, or more likely 3

units.

A discrepancy of about 12 kcal/mole exists between the determination

of the % ThO2 (g) using the second and third law methods. There is no

apparent problem in any of the experiments used to generate the vapor

pressure, heat capacity of the solid phase, and spectroscopic data used

for these determinations. Examination of ThO2 (s) after prolonged

vaporization indicated very little departure from stoichiometry. There-

fore assumptions of tnit activity seem to be justified. An investigation

of the tesperature variation in the equilibrium constants of the reactions

iTh(g) + #11O 2(g) - ThO(g)

and

Tho 2 (g) -4 Tho(g) + 0(g)

coupled with the known thermodynamic functions for Th(g), ThO(g) and

O(g) might be helpful in providing another path to the determination

of 7i (ThO2 ,g) from which M; could be cmaputed.

The M1J1,T given by Ackermann and Rauh (1,3) have been reduced to

APH; using the thermodynamic function fcr (G-H%,)/T for the 3pecies

Th(s, 1), 02 and ThO2 (g).
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This computation gives

AHjO TbO2 (g) = -105.4 kcal/mole

zMto Tho(g) - -615 kcc~l/mole.

This enables an est.imate of D; of ThO2

D; :::'x:':: O 142.7 + 118 + 105.4D- S; (Th's) + D; (02) -'64 (Tho2,9) 14.+11+lO.

= 366.1 kcal/mole or 15.9 eV/mole.

The I.P. Th, I.P. Tho, and I.P. Th12 have been given as 5.9, 6.1

and 8.7 eV, respectively in (3). These values which have estimated

uncertainties of ±0.2 eV are in agreement with the recent results

given by reference 4 of 6.0 and 8.0 ±1 eV for ThO and ThO and some

yet unpublished results on the optical spectra of Th respectively. (It

should of course be noted that thermal population of electronic states

may contribute some error to these values.) These ionization potentials

coupled with 8H; of Tho and ThO2 then can be used to estimate

exothermicities of reactions such as:

Reaction eV

Thb+0- ThO+ + e -2-9

Th + 02- ThO + e -2.12 2

Th + 02 -. ThO + 0 -3.9

Th + 03 - ThO + 0 2  -7.4
+

Th + 0 3-' TnO + 02 + e -1.3
+++

Th + 0 3 - ThO2  + e -0.5
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..... - These quantities were calculated using the following energies:

Reaction eV

+Th - Th + te 5.9
+

STh- ThO + e 6.11kThO2-=*ThiO2+
2 2

ThO -.*Th + 0 9.O

Th02 - Th + ?0 15.9

Th(s) + 02 -* ThO2 (g) -5

in(s) --%-.mo -0.22

02 20 5.1

O3 -. 02 + 0 1

Th(s) -o Th(g) .

The thermodynamic functions of ThO and ThO2 are appended in tables 3,

4, and 5. It should be noted that all twelve known electronic states of

ThO have been included in this calculation. The multiplicity of the

lowest excited state has been taken as 2 in this computation. Wentink

et. al. (11) have suggested that this state might have a degeneracy

3
of .( A) from a comparison of the levels of TiO, HfO and ThO. This

suggestion has a-parently bten accepted in reference 3 and those thermal

functions reflect this assignment. This has the effect of increasing

the S;600 of ThO(g) by about 1.13 e.u. Tables h and 5 give thermo-

dynamic functions for Th02, (g) using both vibrational assignments fbr

V2 of 81 and 125 cm 1 and a a 115* , r = 1.75 A. Small varia'tions of

a and r will not significantly effect the computed ent-opy. The choice

of v2 - 125 cm- is probably to be preferred at this point since it

reduces the discrepancy between a second and third law treatment of the 2

availab'e dta. A
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TAB3LE 3. THIERMODYNAMIC FIJI4TIONS FOR ThO(g)

TCI' I-140 .4 /T'-C)

4CPLtK Fiat C AL fM1". CAL'X MeL CAL/K P01L

Pqqt.1Is 7. d7P95 Milt .99 S7.3511 59.2775
ace 7.ArP7 219?.?P 57."973 50.3213
Ave 7.ItAz413 P?1L 77 59.60,49 52.3'7
SOOI R. 15V4'P 5692. El N6.391.15.C6

7005C1r3P 53f'I.06 64.3955 ';6. 5360

are P.62)4 62''1.34 65. 33F,7 57.567
900 6.7375 'N 4F.02 606.3fP05 58.aF03
; tee S.84455 7 13 67.PPGS 59.3225
fee 0 894FI3P Pf d.2A LP.13A9 A0.00F56

I3I0V 9.C29925 9757.AP 66.yfl7 6P.7?95
I5NO 9. P5974 P673. A 69.&95 6P.6295
~APP 9:39457 G3666. 2 72.3A5 6'.C49

I Apf 9.71PIA 13516.S7 7 6201 63.1 721

1 7PP 9. @72 Aft 14496. 7i.2)51 163.66
lore 1C.P317 15091 P 7P.7fkP5 64.171'3

190 1.lF79 36502.2 73.3P9 64.A437
flee fI.s4AV2 I17520t.7 '13.P 555 4%.C.91 p
Ownp 1 M.10 OF1A057P.1 7A.1616 6s. SN'r
leper 10:63PP 19A6. 74.05*SA 65.931F
2 306 , P.771F -A6:4 75.3305 6.2.33P.
2460 10.90-1 r. 7FO. 4 75.7910 6A.71 66
nee II C03ps 2PL877.7 76.2397 67.t-PP6
26600 11I. 1 43 239p8. 74.67SI 67. aS9
*7'4? 11IPo'ls P51 10. a 77.P98F 6.7.79P5

r2001'I -1 3.11 2626. 77.5115 As.13
eger 11.5l'9 P7191. 77.914 60.4601

3219 p1.pt s0551.6 78.IPA7 4-8.7P95
31pr 11.75A r97P1.5 7P693X.I7

32161 1.0614 30902.3 f90-S 9. 402
3310 11.9651 32693.6 79.451.7 69.0A3

3400 I206 332s n95.2 79.:79C 3 69.9976
V.406 IP 1.6AP 3t51'6.5 sC.141c 7e.PPP4
36P0 32.2522 357'7. R 804652 70.561,371-3 1 P:339 369 67 80.822 708,1337,

3900 ~1 P. 498 9 I .p 81a5 139
Ago@ 12.5699 40694.2 81.793 71.6194
43611I 12. AIA 4)954.5 H2.1241 71.E713
4260p I2P.297?l 4 3N21 . f, s.4093 72.1185
43,41 1 P 7527 44493.7 89. 7i226 72.3653
449/. lp.822A 457'1.5 103.(023 7P.5997

IP8A6 WS0 3.2905 P2. S.1
lp-sail AP40.7 63-732 73.V643

AUif, 1P.9:27 491.3e.9 A3.8506 73.2928
40012. 9Ai6 5090A. p S.A. I P2 73. 5116
492I.:9691 52222. F A. 3S9 77

p20 329 t 51"1 7.? 1 4. f5 7..9 AF4
5100 12.99 91 5 AF1 7. P4.909P 7 4. 1 (-P
5221' ii.rr69 %Fl17.3 P5. 161 1 7 A. I69P

%3~':.2)2 3fP741F.2 8 5. ZC9 74.5756
5421' I3.c7.9p 58719.1 05.6523 74.771S4

13.Cc 619.0 F5.R919 'iA.97Cf,
54-PP 2. Q9S 6153I-.? 7ep 75-17S1

5732p ;.71123 6 P6)0F. f ftS.!" AR 75. 691
5021' 1t.Q$7' .l t. I a. A6.S5PPO 75.5fP4

l.63 65211.6 't2I 75. 7409

Mire IP.9967 66134 741191 75.9340

pq9.?A? n I .rl".' .Clit1%( l.qre f'-7 IP

IS: I2.6 1.47t N' .1 rr PI A

V!, ISI.O7 >V.4

~p I l, . ,A e-~ C2l? 1.311'7 1 9
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TABLE 4. THERMODYNAMIC FUNCTIONS FOR ThO2 (g)

T Cr-HO) /T cm-WO)IIV S VP

298.15 -59-1 SP 9.9545 69.1126 11.34S7

300 -')9.Pl97 'r.96313 69.1020 11.3625

spa -64.5)163 16.8100 7S.3971 IP. A309

M'0 -6A.5177 It.1436 77.661.1 19,96P
-69. 269 I I1.4201 79.A779 11.11147

ere -69.797A 113.6511 01I. 4AF5 131.3396

990 -71.191.1 11-645P p3.0265 13. A109

I110P' -73.SP95 12.1515 85.741 t3.95S4
1 P-7A.F529PI. 2.719 ft6. 92P61 11-6.3

I100 -75.A39 1 P. qp0r 00t.c19F I1I-.cP17
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2800 -85.459P 13.14P4 914.601l6 13-0597
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L3400 -00-0237 13.27P6 101.294 13.8759
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TABLE 5. THERMODYNAMIC FUNCTOS#O.hO g
I (G-1ONS)FO TH-l2 (g)
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